pancreatic and fat-soluble vitamin supplements at the time of study. Cases 1, 3, 4, 8, 9 , and 14 were on a low-fat or a medium-chain triglyceride diet, or both. Case 14 had diabetes mellitus and had received chlorpropamide for the last 10 years. Two patients (Cases 10 and 19) had received prednisone for the management of neutropenia and Case 16 received a short course of oxymetholone when aged 2 years for aplastic anaemia.
Methods
The patients' clinical histories were analysed using contemporary records, and those patients available for follow-up were studied during optimum health and while free of infection. Each had a full clinical examination, height and weight centiles were determined using the standards for British children established by Tanner et al. 2 13 children received full neurological examinations from one of us (N C) and had electroencephalogram (EEG) recordings with visually-evoked responses and electroretinography (ERG). Seven of these children also had formal psychological assessments. Venous blood was taken for full blood count, haemoglobin electrophoresis, plasma aspartate and alanine transaminase activities (AST and ALT), total bilirubin, total a-amylase activity, amino-acid chromatography and, in 10 patients, leucocyte karyotyping. Urine was analysed for sugars and amino-acids and sweat tests were performed by pilocarpine iontophoresis.
Radiological assessment included review of previous x-rays, and skeletal surveys and bone age estimation of patients when attending for review. Skeletal maturation was assessed using the Greulich- Pyle3 and TW2 atlases. 2 Respiratory function tests were performed in 9 older children using routine methods" and the results were expressed as a percentage of that predicted normal for height." In 4 children under the age of one year, thoracic gas volume (TGV) and pulmonary resistance were measured using a wholebody plethysmograph. Measurements ofcompliance7 were performed in 2 patients.
Results
Clinical features (Table 1 ). The mean birthweight was 2 82 kg (range 1 76 to 4 08 kg) and 5 patients weighed less than 2 5 kg. All were born at term except Cases 11 and 15 (each 36 weeks' gestation by dates), Case 10 was a breech delivery, and Case 13 was delivered by caesarean section because of cephalopelvic disproportion. During the neonatal period 13 patients failed to thrive, 7 had diarrhoea, 10 had feeding dificulties which necessitated tube feeding in 4, and 4 were markedly hypotonic; only 5 had no neonatal abnormalities. Two patients (Cases 7 and 15) developed pneumonia and septicaemia during the neonatal period.
Of the 8 patients who did not have symptoms of malabsorption in early infancy, 7 developed symptoms by age 4 months; the exception (Case 13) presented with muscle wasting, ankle oedema, and growth retardation at 18 months. Fig. 1 shows the height of the patients plotted on a centile chart. Growth retardation was particularly evident in the older patients; only one (Case 16) exceeded the 3rd centile. Case 14, who had received pancreatic supplements since diagnosis at 2 months, was of a comparable height to Cases 12 and 15 who had stopped supplements at 9 and 11 years respectively; similarly discontinuation of supplements in Case 11 had no effect on growth velocity. In each patient, height, weight, and occipitofrontal head circumference centiles were in general the same; in one instance (Case 20) weight was lower than height, and in 3 patients (Cases 13, 16, and 18) weight stabilised on a higher centile than height after treatment.
Puberty was delayed in the 6 oldest patients; Total plasma x-amylase activity was determined in 15 patients over one year of age; 11 values were below the normal range ( Table 2 ).9 The activities determined in patients over age 2 were significantly lower (P<001) than age-matched controls (Fig. 3) .
The pancreata of the 3 patients who died and one (Case 19) who had a biopsy during life showed extensive fatty infiltration of a normal-sized gland, and the ductular architecture under light microscopical examination was essentially normal. The majority of acinar cells were replaced by fat, interstitial connective tissue was increased, a few ductules were dilated, and the islets of Langerhan appeared normal.
Haematological investigations (Table 3) . 10 patients had total haemoglobin levels of less than 10 g/dl at some time; in 2, this has been persistent, while in the remainder it was intermittent and has since resolved; 3 patients (Cases 6, 10, and 16) required blood transfusions. Haemoglobin F (HbF) was measured in nine, 5 of whom also had HbA. assessed; HbF was moderately raised in 2 who had chest x-rays performed before age 2j years, i 8 had this abnormality. It was less common in the 280 older patients, but a pronounced abnormality persisted in Cases 6 and 15. As a result of this 260 0 abnormality 7 had clinically visible narrow thoracic 3 cages (Fig. 4) . 240 Long bone tubulation was present in 7 patients with consequent bowing deformities of the femora 220 showing resolution of dysplasia of the 5th middle phalanx and retarded bone age with disparity between phalangeal and carpal maturation.
Greulich-Pyle or TW2 standards. Assessment of bone age using the Greulich-Pyle standards indicated retardation in all 18 patients evaluated. Applying these standards was difficult however, because of the delayed appearance of the carpal, and distal radial, and ulnar epiphyses. Similarly, TW2-20 bone scores gave only two estimates equal to or above the 15th centile. 11 of the 14 patients over age 2 years had values on the TW2 carpal score below the 3rd centile, but the TW2 radius, ulnar, and short bone score for these children was below the 3rd centile in only one patient (Case 14), and 11 exceeded the 10th centile.
The appearance of other epiphyses was also delayed in some patients. The distal femoral and proximal tibial epiphyses were delayed in Cases 1, 5, and 21 and the proximal femoral and humeral epiphyses were retarded in Cases 1, 5, 10, and 17. Case 16 was the only one to exceed the 50th centile in any estimation.
Respiratory function tests (Table 5 ). The TGV was lower than that predicted normal in 3 of the 4 patients studied under age 2 years. In Case 5, it was 100% of that predicted normal in spite of his rib abnormalities and narrow thoracic cage (Fig. 4) . There was no consistent abnormality in pulmonary resistance. A pronounced reduction in chest wall compliance was demonstrated in the 2 cases studied but specific lung compliance was normal. The older patients had normal lung volumes but as a group forced expiratory volume (FEVO.75) and forced vital capacity (FVC) was reduced. This was particularly pronounced in patients (Cases 3 and 6) who had radiologically abnormal ribs. Case 15 had a reduced FEVo.75 and a normal FVC which was consistent with his history of asthma and cigarette smoking.
Hepatic function and structure (Table 2). 13 patients had hepatomegaly during the first 5 years of life but, with the exception of Cases 6 and 19, liver size was normal at the time of evaluation. Plasma bilirubin was normal in all cases, and plasma AST and ALT were raised in 10 of the 19 patients studied; of the remainder, 5 had had raised levels in the past. Transaminase levels were highest in the youngest patients and serial observations demonstrated a progressive fall towards the normal range with age. Plasma amino-acid chromatography was normal in all patients studied.
Hepatic histology was abnormal in the 6 patients examined. There were severe panlobular fatty changes with nonspecific mixed inflammatory infiltration and varying degrees of periportal fibrosis. 
Bilateral conductive deafness was demonstrated by audiometry in 3 patients (Cases 6, 9, and 10), and Case 11 had a sensorineural loss of hearing.
Further neurological examination was normal in all but 3 patients; Case 16 in addition to her progressively deteriorating IQ, retinitis pigmentosa, and hearing loss was ataxic and had a history ofpersisting hypotonia in early childhood as did Case 20; Case 5 remained hypotonic and also developed truncal ataxia; Case 11 who was born at 36 weeks' gestation had a slight ataxic diplegia.
Case 15 experienced bilateral parasthesiae in the L5, S1 root distribution after prolonged standing, but neurological examination was normal.
13 patients had EEGs performed, and resting records showed no local abnormalities or paroxysmal features. During photic stimulation 6 patients (Cases 3,4,5,9, 11, and 15) showed some symmetrical bursts posteriorly containing discharges, and in one patient, sharp components appeared. Four other patients had conspicuous lambda waves. Rhythmic activity in the Rolandic area was in keeping with age, and the a rhythm was well formed and regular in most of them.
Endocrine studies. Glucose tolerance tests were performed in 5 patients (Cases 2,9, 14,19, and 21) and were normal except for Case 14, who had a response typical of diabetes mellitus and an impaired insulin response which was improved by tolbutamide. Growth hormone response to Bovril stimulation was normal in the 3 patients (Cases 3, 11, and 13) studied. Tests of thyroid function in 3 patients (Cases 2, 5, and 16) were normal.
Genetics. There was no consanguinity in the 18 families from which our patients are derived. In 2 of the 4 pairs of affected siblings, the second child was discovered as a consequence of diagnosing the first. In the other two pairs, this was not certain and all 4 patients could be regarded as index cases. Segregation ratios were calculated therefore with either 18 or 20 index cases. These gave values of 3 5 1 and 3: 1 respectively; both of which are consistent with an autosomal recessive mode of inheritance. The 3 half-siblings in the families studied were normal.
The leucocyte karyotypes contained no consistent abnormality. Case 1 had a single abnormal cell with a 47XY + G min karyotype among 24 normal cells. Case 3 had a46XY lqh + abnormality (a large heterochromatic band next to the centromere on chromosome 1) which was not present in her sibling (Case 4) who had a normal karyotype as did all the other patients studied.
Discussion
Our results in this large series of patients with Shwachman's syndrome stress the protean manifestations of the condition and extend the knowledge on a number of aspects.
Infections. The series again confirms earlier observations of the susceptibility to respiratory, cutaneous, and systemic infections in this syndrome.1 12 Shmerling et al.' calculated a 25 % mortality rate due to infection from their review ofcases. The abnormal thoracic configuration and hypotonia may explain the predominance of pneumonia in younger patients. Although lower respiratory tract infections are less common in older patients, the incidence of sinusitis and otitis media suggests a continuing susceptibility to infection.
The Pancreatic insufficiency. The degree of pancreatic insufficiency in these patients was variable and the persistence of some residual exocrine function possibly accounts for the delayed presentation of malabsorption in some cases.1013 The pancreatic histology described is similar to that noted before ;1 [11] [12] [13] Lymphoproliferative neoplasia has also been described in this condition, and a patient with lymphoblastic leukaemia22 has been reported. Hantelmann23 described a child with Hodgkin's disease who was found to have a lipomatous pancreas at necropsy.
Skeletal abnormalities. Our study is the first to review comprehensively the incidence and extent of the skeletal abnormalities in this syndrome. Metaphyseal dyschondroplasia affecting ribs and knees was first described by Burke et Malnutrition and metabolic abnormalities retard ossification centres equally and may influence the maturity in our younger patients but the discrepancy between centres which is apparent in all our patients is more characteristic of a primary bone dysplasia.
The only patient (Case 16) with a skeletal maturity above the 50th centile was also the only child to exceed the 3rd centile for height. This girl had had oxymetholone some years before and, while these effects have not been documented with this particular anabolic steroid, Shmerling et aL.' noted that in one of their patients anabolic steroids did increase the bone age without affecting height.
Growth retardation was most evident in the older children. This has been noted by others, as has its independence of the frequency of infections and the degree of EPI and malnutrition." 13 show that impaired respiratory function may persist for much longer. The reduced chest wall compliance in the 2 young patients is consistent with their abnormal thoraces. It is more difficult to explain the reduced FEVo.75 and FVC in the older patients, apart from Cases 3 and 6 who still had abnormal ribs, but this may represent some continuing musculoskeletal abnormality rather than airways obstruction.
Hepatic function and structure. Hepatic abnormalities have been described in many cases."1 34 Brueton et al. '6 were the first to show raised transaminases in a patient with abnormal liver histology. Our study includes a number of similar cases, as well as some patients with biochemical evidence of liver involvement. The tendency for the transaminases to fall towards normal limits, and the resolution of hepatomegaly was present in both groups of patients and may reflect decreased fatty infiltration or a progressive fibrosis. The absence of any evidence of hepatic dysfunction in the older patients precluded investigative biopsies, but the necropsy findings in Case 19 suggest that reversal of the fatty infiltration may occur. Fatty change in the liver can be secondary to malnutrition and infection, both ofwhich are more likely in the newly diagnosed young patient. It is possible, therefore, that the liver abnormalities may represent a secondary rather than a primary feature ofthe syndrome though the latter cannot be excluded.
Renal function. The varied glycosuria and aminoaciduria together with the renal tubular acidosis in the affected sibling of Case 9 and in a recent case report (S Hassell, 1979, personal communication) suggests that renal tubular dysfunction may be more extensive than previous reports have implied. Similarly the nephrocalcinosis discovered at necropsy in Case 19 may represent an undetected abnormality in urinary acidification.
Neurological and developmental findings. Shwachman et al.13 specified that their patients had normal motor and mental development. Other reports have described developmental retardation either alone" 3 or associated with hypotonia.'2 Hypotonia has also been noted to occur independently.32 [37] [38] This review, the first systematic neurological assessment in this syndrome, establishes that early speech and motor delay is common and that this is probably due to an inherent below-average intelligence. The early overall delay may possibly be influenced by intercurrent infections and social deprivation during time in hospital, but the persisting poor intellectual achievement during optimum health and the similar achievement in the absence of a history of gestational or perinatal insults, suggest that psychomotor retardation is a primary feature of the syndrome. Malnutrition during the critical period of brain growth could cause such retardation but this degree of retardation is not seen in patients with cystic fibrosis. 39 Except in Case 8, who had a short soft palate with a submucous cleft palate, there were no structural abnormalities or focal neurological signs which could account for the delayed speech. The frequency of otitis media and the presence of hearing loss in 4 cases, stress the importance of regular hearing tests in these patients.
Hypotonia was often noted particularly in infancy, and probably contributes to the early respiratory and feeding problems. It is possible that in most patients hypotonia is a secondary feature. The profound hypotonia of patients in the absence of infection however, suggests that in some patients the defect may be primary to the syndrome.
Abnormalities of retinal pigmentation have not been noted previously in this syndrome. Retinitis pigmentosa can be associated with syndromes involving neurosensory deafness, defective intelligence, or skeletal abnormalities ;40 no association with EPI has been reported.
Nearly half the patients tested had abnormal sensitivity to photic stimulation during EEG recording but none gave a history of photic-induced fits. The incidence of occipital photosensitivity in this group of patients is higher than would be expected in the general population41 but its significance is unknown.
Endocrine studies. The impaired insulin response in one patient was the only gross endocrine abnormality found. Shwachman and Holsclaw42 described one patient with a diabetic glucose tolerance test and Shmerling et aL.l discounted their patient with diabetes mellitus because of his strong family history of the disease. Our case has no such history, so the possibility of an association of diabetes mellitus with this syndrome is again raised. The insulin response was improved by tolbutamide in our patient and he has been treated successfully with chlorpropamide for 10 years since diagnosis.
Genetics. The karyotype abnormalities cannot easily be interpreted. The single abnormal cell detected in Case 1 could have arisen during cell culture. The other abnormality noted is sometimes inherited and may be associated with congenital defects, but it is unlikely to be contributory to this syndrome since it is absent in this patient's sibling and the other cases.
The segregation ratios derived from sibship analysis support an autosomal recessive mode of inheritance which until now has been assumed on the basis of a familiai incidence of the syndrome.L This mode of inheritance is also supported by our recent demonstration of defective neutrophil mobility both in the patients with this syndrome and their parents. '7 Icthyosis. The In cells exposed to colchicine, secretory products fail to migrate to the cell periphery and accumulate within golgi-associated vacuoles and in the endoplasmic reticulum cisternae,590 resulting in an electron microscopical appearance similar to that noted by Spycher et al. 29 The demonstration of impaired polymorphonuclear mobility in patients with this syndrome and in some of their parents suggests that this defect, since it is manifest in presumed heterozygotes, is close to the abnormal gene product. Similar defects in polymorphonuclear mobility can be induced by colchicine and cytochalasin B. 54 We speculate that the basic defect in Shwachman's syndrome may lie in the function of the microtubular and microfilament elements. Too little is known about the co-ordination, regulation, or metabolism of these systems to be more specific, but such a functional defect could account for both the abnormal appearance of the chondrocytes and the impaired polymorphonuclear mobility. The pancreatic cell inclusion bodies noted by Shwachman et al03 may represent accumulating synthetic products which ultimately lead to degenerative changes with subsequent lipid or glycogen deposition. Mitotically-active tissues such as the bone marrow would be most vulnerable to such a defect, as would be metabolically active tissues like the liver.
